Expression of the L-arabinose operon in Escherichia coli B/r is dependent on the temperature of growth of the araC mutants reported in this paper. Analysis of these temperature-sensitive regulatory mutants indicates that both repressor and activator activities are thermolabile. The simplest model to explain the manner in which the operon is controlled is one suggesting that the regulatory gene, araC, codes for a protein which upon synthesis acts as a repressor molecule and prevents operon function. When inducer is added, the repressor undergoes a conformational shift and becomes an activator which switches on enzyme synthesis, provided the repressor concentration is reduced to a sufficiently low level in the cell. These data lend strong support to the model that both activities are the result of the same gene product.
Induction of the enzymes specified by the structural genes of the L-arabinose operon is subject to the action of the product coded by the gene araC. The araC gene product, on the basis of genetic evidence, is thought to be a protein (8) . It has been suggested that the araC gene product exists in two discrete conformational states, both of which participate in the control of the expression of the operon. First, it acts as a repressor molecule to prevent production of the enzymes. Second, it acts as an activator to "switch" on enzyme synthesis. The model further suggests that the addition of inducer, L-arabinose, causes the conformational shift from the repressor configuration to that of the activator (4) . Adjacent to the three structural genes of the operon exist two control elements, araI and araO. AraI is the site for the activator to turn on the operon and is termed the initiator (5) . The other site, araO, is called the operator and is the region which interacts with the araC gene protein when it exists as a repressor (6) . The action of the operator site supercedes the action of the initiator site. Hence, when a cell contains both activator molecules and repressor molecules, there is little or no production of the enzymes of the operon (4, 11) .
Three allelic states of the araC gene have been previously described. First, the wild type, desig- ' Present address: Biology Department, Marquette University, Milwaukee, Wis. 53233. nated araC+, has the properties described above. Second is the pleiotropic negative allele, designated araC-. The araC-mutants fail to yield any appreciable levels of the enzymes of the pathway in response to inducer and may be either nonsense mutants (8) or deletions (11) . They are recessive to the wild-type and araCc alleles which are described below. Third, the constitutive alleles are designated araCc. Mutants of this type produce the enzymes of the pathway in a coordinate fashion in the absence of inducer and are dominant to araC-mutants. However, the araCc allele is recessive to the wild type when inducer is not present (4, 11) . This latter observation provided the initial proof that the araC gene protein acts as a repressor molecule, whereas the former observation indicated its action as an activator. Presumably, then, the araCc mutants are producing an araC gene protein, the configuration of which is only of the activator type.
In this communication we describe two additional classes of mutants with sites in the araC gene. Both types are temperature sensitive but they differ in one unique physiological property. One group is inducible at 28 C and pleiotropic negative at 42 C, whereas the other group produces the enzymes of the pathway even in the absence of inducer at 28 C and are pleiotropic negative at 42 C. For convenience the former group will be designated araCts and the latter araCcts. Table 1 .
Growth of cultures. All media employed have been previously described (2, 7). The following abbreviations will be used for media designations: M, mineral base; A, L-arabinose; G, glucose; L, L-leucine; EMB, eosin methylene blue agar lacking lactose but supplemented with 1% L-arabinose; CAA, mineral base supplemented with 1% Casamino Acids. When cultures were grown for enzyme assays CAA was always utilized. When the culture was to be induced by L-arabinose, it was added to CAA to a final concentration of 0.4%.
Cultures prepared for enzyme assays were grown to late log phase in 50 ml of CAA in 250-ml Erlenmeyer flasks on gyrotary water bath shakers (New Brunswick) equilibrated to the proper temperature. Extracts were prepared by the methods of Cribbs and Englesberg (2 11) .
Pure isolates of the complementing diploids were used for the enzyme assays. An estimate of the frequency of segregation of Ara-clones was made for every culture assayed for enzyme activity. If the frequency of segregation approached or exceeded 5% of the total population, the enzymatic data was discarded. In most cases, however, the frequency of segregation was 1% or less.
RESULTS
Temperature-sensitive araC-mutants. Ten independent isolates characterized previously as araC-mutants by map position, complementation, and enzymatically when grown at 37 C were tested for temperature sensitivity by streaking them on MA agar and incubating them at both 28 and 42 C. Three of the mutants, araC42, -47, and -51 grew on the MA agar at 28 C but not at 42 C. The other mutants failed to grow at either temperature (8) .
The three temperature-sensitive mutants, with araC5 (a nonsense mutant) and the wild type as controls, were grown in CAA plus and minus Larabinose at both 28 and 42 C and were subsequently assayed for L-arabinose isomerase and glucose-6-PO, dehydrogenase activities. None of the cultures produced significant levels of isomerase when grown without L-arabinose at either temperature, and the data are not reported. Induced cultures of araC42, -47, and -51 grown at (Table 3) . Although the levels of isomerase and kinase found in the revertants when grown at 28 C varied from strain to strain, the ratios of the two activities remained rather constant, thus indi- cating a coordinate effect upon the expression of the structural genes coding for these two enzymes.
When the same strains described above were grown at 28 C in CAA without inducer, it was determined that all nine of the temperature-sensitive revertants of araC5 were producing significant levels of isomerase and kinase (Table 4) . These levels are not as high as found in the induced cultures, but the ratios of enzyme activities is rather constant. Thus the nine temperaturesensitive revertants of araC5 produce coordinate levels of L-arabinose isomerase and L-ribulokinase constitutively but only at low temperatures. Those four revertants which are the result of secondary mutations within the araC gene will be designated as araCcta mutants for convenience. They are araC5-10, araC5-11, araC5-12, and araC5-14. Both araC+/araC42 and araC+/C5 along with the appropriate haploid controls were grown at 42 C in CAA plus inducer; extracts were prepared and assayed for isomerase activity. Both heterogenotes had elevated levels of isomerase, whereas the haploid araC-strains produced little enzyme activity. The elevated levels of about twice the wild-type control seen in the heterogenotes are due to the presence of the additional structural genes for isomerase in the strains (Table 5 ). It is concluded that the three temperature-sensitive mutants, araC42, -47, and -51, are all recessive to the wild-type araC+ allele.
Heterogenotes of the type araC+/araCcts were also constructed in a similar fashion described above for the araC+IaraCts strains. Three stable merodiploids were obtained: araC+/araC5-10, araC+/araC5-11, and araC+/araC5-14. The three stable heterogenotes and the fourth unstable one, araC+/araC5-12, were Ara+ on EMB at both 28 and 42 C. Each of the three stable strains along with the proper haploid controls were grown at 28 C in CAA minus inducer and at 42 C plus inducer. At 28 C the isomerase levels produced by the heterogenotes were 10-fold lower than the araCcts haploid controls, whereas at 42 C the heterogenotes produced elevated levels of isomerase, and the haploid strains had negligible activity (Table 5) . Hence, the wild-type araC+ allele exerts dominance over the araCets mutants under both conditions. It appears that at 28 C the protein coded by the wild-type araC gene neutralizes the activator coded by the temperature-sensitive mutants; at 42 C the wild-type protein is converted to activator, whereas the protein coded by the araCctg mutants remains completely inactive both as an activator and repressor.
Dominance relationships between araCc and the araCts and araCct8 alleles. Heterogenotes of the type F' araCtI/araA2, araCc67 were established with homogenotes of the type F' araCts/araCtO which were derived from the heterogenotes described in the previous section. The F-strain used as a recipient in the formation of these merodiploids bore two mutations: A2, a mutation in the structural gene for L-arabinose isomerase; and araCc67, a mutation of the araC gene which leads to constitutive expression of the L-arabinose operon. The newly formed heterogenotes were observed to be complementing merodiploids when tested on EMB at 42 C and at 28 C.
The two heterogenotes and the haploid controls were then tested for isomerase synthesis at 42 C in the presence and absence of inducer. The heterogenotes produced from 76 to 102 units of isomerase under these conditions, whereas the haploid strains had no activity. When the same strains were grown at 28 C without the inducer, activity in the heterogenotes fell 10-fold or more, and the haploids still lacked isomerase activity (Table 6) . Thus, at 28 C in the absence of inducer, the two araC" mutants exert a partial dominance over the araCC67 mutant. Presumably, the araCts mutants produce a protein at the low temperature which acts as a repressor molecule. However, when grown in the absence of inducer at 42 C, the repressor molecules coded by the araCts mutants appear to be lost to the cells as is the activator, for now the araCc allele exerts its dominant effect.
Next, F' araCcts/araA2, araCc67 heterogenotes The simplest explanation of the patterns of operon control expressed by the araC gene is that its protein product, as it is first synthesized in the cell, has the ability to repress enzyme synthesis and upon the addition of inducer the repressor is converted to the activator. When deletions extend through the araC gene both repressor and activator activities are lost (11) . Nonsense mutants likewise have the same effect (8) . However, the deletions could extend into another adjacent cistron which codes for the repressor, and the nonsense mutants could exert a polar effect upon the other cistron. Therefore, it is conceivable that there could be two distinct but adjacent cistrons involved in the regulation of the operon. Nevertheless, this alternative explanation seems unlikely since, in the case of the temperature-sensitive mutants which are not deletions or nonsense mutants, repressor activity and activator activity is lost to the cell. This effect can be clearly seen by comparing the levels of isomerase produced in the partial diploids of the type araCc/araC". Growth at 28 C without inducer yields low isomerase activity, but growth at 42 C without inducer produces high isomerase activity. These data indicate that the temperature-sensitive alleles form an araC gene protein that has repressor activity at low temperature but that this activity is missing when the partial diploids are grown at 42 C. Therefore, even the effect of conditional mutants is to remove both repressor and activator activity. Thus, the simplest interpretation of the model is the one most likely to be valid.
At the present, little is known of the molecular details by which the araC gene protein regulates expression of the operon. A priori it has always been assumed that control was at the level of transcription; no definitive proofs, however, exist at the present. Furthermore, there is no indication as to the way an activator molecule would (1, 12) which upon activation by the inducer directs messenger ribonucleic acid synthesis specific for the arabinose operon. Before such a model can be entertained seriously, it is first necessary to demonstrate that the control lies at the level of transcription. Such experiments are now underway.
